Laser irradiation, using a continuous wave CO2 crosscurrent laser with generated beam power of 1 kW, was performed on an adamite steel and an indefinite chilled cast iron roll materials which were used in the industries. Optical microscopy, Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) were applied to reveal the microstructural details. In addition, microvickers hardness test was conducted on the laser beam irradiated samples to measure hardness profiles of the laser treated area. The results indicate that, laser irradiated areas of two roll samples sequentially consist of melting zone, phase transformation zone and non-transformed heat affected zone on sections. The hardnesses at the melting zone on both samples are relatively low when the samples were irradiated by the laser, but increase dramatically after tempering at 540°C for 1 hr. On the other hand, the hardnesses at the phase transformation zones sharply decrease from high values when they were subjected to the tempering process for the irradiated samples. There are many small and well distributed FeS and MnS inclusions in the melting zone at the both roll samples. It also was observed that, there are occasional hot tears occurred in the indefinite chilled cast iron sample, but not in the adamite steel.
Introduction
Laser surface modification has many characteristics such as accurately controlling treated surface zone, rapidly heating and cooling process, little thermal deformation and beneficially forming retained compressive stress within treated surface. There are several methods, including laser hardening by phase transformation, 1, 2) laser melting and solidification, 3, 4) laser surface alloying, laser cladding and laser texturing 5) etc., which can change the microstructure of the surface treated, in order to effectively improve its hardness and wear-resistance and enhance the processing expectancy of the used materials. Nowadays there were some reports correlated with laser surface modification, [6] [7] [8] but most of these reports were related to changing one or two factors among the parameters of laser power, spot type and size, laser absorptivity of materials, laser moving speed, the degree of spot overlap, and the physical and chemical properties of materials etc., little work was conducted about tempering effect on their microstructure and hardness profiles. Therefore the purpose of this work is to analyze the mechanism of the variation of the microstructure and vickers hardness after laser surface modification and tempering process, in order to beneficially provide the theoretical evidence for the industrial process.
Experimental
Materials used in laser irradiation were cut from the commercial work rolls, their chemical compositions and physical properties are listed in Table 1 . Sample preparations to be laser treated were carried out by the following process, first of all, selecting the laser treating surface which is parallel to the working surface of roll; secondly grinding its surface by a grinding sheet with an abrasive power of 500# mesh; finally pasting its surface with alcohol mixed with fine graphite powder at the ratio of 20 ml: 5 g, and then drying it with air in order to enhance its laser absorptivity. The continuous wave CO2 crosscurrent laser equipment, being applied here, was made in Shanghai Institute of Optics and Fine Mechanics (Model CGJ-93) with generated beam power P of 1 kW, solid square-like spot at the edge length l of 1.5 mm, laser moving speed v of 1.5 mm/s, and coefficient of absorptivity f of 0. Where dwell time τ can be calculated from beam edge length l of 1.5 mm divided by laser moving speed v of 1.5 mm/s.
Microstructural observation samples were taken from transversal sections perpendicular to the laser moving direction, and followed by polishing and 4% nital etching. An optical microscopy, Scanning Electron Microscopy (Model: JEOL JSM-6480LV), Energy Dispersive X-ray Spectroscopy (EDS) and an X-ray Diffraction Spectroscopy (Model: © 2012 ISIJ XG M18XCE X, Cu Kα: 0.15406 nm) were used to analyze the microstructures and phases. Microvickers hardness test was also carried out under the condition of 0.5 kg loading and 10 second dwelling time to measure the hardness profiles from the laser treated surface toward inner side, the final hardness test values are an average of five measuring points.
Results and Discussions
The optical microstructural photographs of both samples were shown in Fig. 1 . The microstructure of the adamite steel consists of rod-like white alloy cementite M3C and a dark and light gray matrix. There are two different sizes of the alloy cementites M3C, that is to say, the rod-like, bigger one, is formed during final solidification process and the dot-like, small one, is formed from plate-like widmanstatten microstructure after long time normalizing process ( Fig.  1(a) ). In addition, it can be easily observed by an SEM that, the microstructure of the dark gray area within the matrix in optical microscopy is identified to be fine pearlite or troostite, but the area of the light gray in the matrix is upper bainite ( Fig. 1(b) ). The microstructure of the indefinite chilled cast iron contains white big lumps of cementite (Fe3C), 3-5%graphite, lower bainite matrix, and square-like niobium carbides NbC resulted from adding 0.60%Nb element ( Fig.  1(c) ).
The optical microstructures of the two samples after laser beam irradiation are shown in Figs. 2(a), 2(b) . The shapes of laser affected zone of the two samples are crescent-like because the laser spot, which is applied at this test, is solid square-like spot at the edge length l of 1.5 mm. It can be seen by careful observation that, the changed microstructural areas after laser beam irradiation consist of three parts, i.e. melting zone, phase transformation zone and nontransformed heat affected zone, respectively.
In order to identify the highest temperatures after laser irradiation, it is necessary to assume that, the surface that has been irradiated is a semi-infinite solid. In addition, thermal diffusivity k and thermal conductivity K are constants. Then, the temperature profiles with the depth from the irradiated surface, x, and time, t, is given by the following equation By using MATLAB 7.0 C-Language and putting Eqs. (2), (3) and (4) in it, it is easy to draw the charts of the temperatures as a function of the depth from the irradiated surface, x, and time, t (Figs. 3(a), 3(b) ). At the surface of the both samples, the temperatures increase sharply (within 1 s), and reach the highest points at 2 011°C for the adamite steel, 1 760°C for the indefinite chilled cast iron. After that, the temperatures decrease rapidly for 3 to 5 seconds and then decrease slowly to the room temperature. It seems to be quite likely that, the chemical compositions, microstructural factors such as the type and the volume percentage of carbide, characteristics of the matrix, and with or without graphite, have strong influence upon heat conductivity within the samples during laser irradiation. 10) The purpose of the microstructural modification by laser irradiation is to enhance expectancy of the roll material through the improvement of its mechanical properties, such as hardness, wear-resistance and anti-corrosion ability. Therefore, it is significant to measure the hardness profiles after laser beam irradiation and tempering. The microvickers hardness test was conducted on the both samples, and their hardness variations as a function of the distance from the laser treated surface to the inner side were demonstrated in Fig. 4 . In fact, there are similar trends of the hardness profiles in the both samples, that is to say, the microvickers hardness values decrease with the gradual increasing of distance, and they become smaller at the boundary between the melting zone and the phase transformation zone. If the indentation points further get into the inner side, the hardnesses increase at the phase transformation zone until they reach the peak, and then decrease until their values reach the trough again at the beginning of the non-transformed heat affected zone. After 540°C×1 hr tempering process, there are significant changes in the hardness profiles. That is to say, hardness values dramatically increase within the melting zone, and largely decrease in the phase transformation zone for the both samples (Figs. 4(a), 4(b) ).
Continuously tested vickers hardness indentations of the adamite steel after laser irradiation were demonstrated in Fig. 5 , hardness change from the surface to inner side can be roughly evaluated by the size of the indentations. It is interesting to analyze the hardness variation at the different zones after laser irradiation and 540°C×1 hr tempering as it can be beneficially used to guide the laser-applied industrial process. Therefore, X-ray Diffraction Spectroscopy was applied to identify the phases of the laser treated zone at the carefully prepared samples, where laser irradiated tracks were overlapped and the whole surface was totally covered by the melting zone. As a result, two samples have similar trend of X-ray intensity, that is to say, a relatively large amount of retained austenite occurs within the melting zone, and then the retained austenite is altered to tempered martensite under the condition of 540°C×1 hr tempering process (black line and purple-red line shown in Figs. 6(a), 6(b) ). In addition, it is easily recognized in the highly magnified SEM photographs, that the matrix characteristics of the adamite steel is plate martensite (Fig. 7(a) ), which is identical to the previous work. 11, 12) Otherwise, there are also a lot of finely dispersed granule carbides which are identified to be molybdenum rich carbides precipitated during the tempering process (Fig. 7(b) ).
As we know, the characteristics of microstructure are the main factors that influence upon the microvickers hardness values of the laser irradiated materials. From the X-ray diffraction patterns in Figs. 6(a), 6(b) , the behavior of the hardness decline within the melting zone may be carefully interpreted that, the whole region of the melting zone before solidification has different composition as some carbon and alloy elements near the surface of the melting zone burnt away by very high laser energy density. So more alloy elements is remained toward inner side of the melting zone than the surface area. As a result, when the melting zone solidifies, the far the distance is from surface toward inner side, the more the retained austenite forms. Therefore, the hardness in it must be gradually declined. Whereas, the hardness in the phase transformation zone increases until it reaches peak. It is can be specifically analyzed as follows. There must be no sharp line that could divide the boundary between the melting zone and the phase transformation zone, so when the irradiated distance increases, melting region get smaller and smaller, then the amount of the retained austenite will be gradually reduced whilst the percentage of the fresh martensite will be steadily increased as non-melted and quenched region increases. As a result of the combinational effects of two opposite factors on apparent hardness values, the hardness peak is formed within the phase transformation zone. After 540°C×1 hr tempering process, most of the retained austenite transformed to high hardened martensitic matrix, as the both samples belong to the low alloy materials, it is easy to make the retained austenite change to martensitic matrix under the condition of 540°C×1 hr tempering. As a result, the hardnesses at the melting zone increase relatively high compared to the situation before tempering process. At the phase transformation zone, the behavior of hardness change is identical to the common hardening and tempering process. That is to say, the temperature must be reached to austenite region when it was laser-irradiated, and then austenite would be immediately changed into martensitic matrix as small laser beam size, fast scanning speed and relatively big samples caused this zone to be suddenly phase-transformed to martensitic matrix. This can be confirmed by the observation of the variation of the matrix microstructure, i.e. the matrix microstructure at phase transformation zone for the indefinite chilled cast iron is changed from the original lower bainite ( Fig. 1(c) ) to the typical martensitic structure (Fig. 8) . Otherwise, there are hardness troughs within the non-transformed heat affected zones close to the phase transformation zone for the both samples (Figs. 4(a) , 4(b)), these phenomena seem to be related to over-tempering because the temperatures must be increased to near the transformation boundary between austenite and pearlite A1, as indicated by previous work.
13)
It can also be found at the highly magnified SEM photographs for the two samples that, there are many black spots, uniformly distributed within the melting zones, whose size is normally less than about 1 μm in diameter ( Fig. 9(a) ).
Further analysis was carried out at the black spots by an Energy Dispersive X-ray Spectroscopy, the results show that the main elements of the black spot include iron, manganese and sulfur (Fig. 9(b) ), therefore, it is firmly estimated to be FeS or MnS inclusions. In fact, there is no much sulfur in the two original samples, so it can be reasonably presumed that, the sulfur may come from the paste including MoS2 powder soaked within alcohol, which used to improve laser power absorptivity. As a consequence, the sulfur within the paste unwittingly infiltrated to the melting zone and reacted with iron and manganese, finally formed FeS and MnS inclusions. Previous work 6) showed that, if the sulfur within the paste brings into the melting zone of the laser treated area, it will slightly increase the overall hardness because it can enhance the solid solution strength of the matrix.
In addition, it can be easily found that, there are some hot tears occurred within the melting zone ( Fig. 10(a) ) and the heat affected zone in the indefinite chilled cast iron ( Fig.  10(b) ), whereas no cracks were found in the adamite steel under the same laser beam irradiating conditions. This can be easily analyzed that, although laser irradiation conditions are same for both samples, the mechanical properties such as strength, ductility and thermal conductivity of the adamite are much higher than the indefinite chilled cast iron. As a result, it is difficult to find hot tears in the adamite steel, whereas, hot tears occurred massively within the indefinite chilled cast iron.
14)

Conclusions
The main purpose of the laser surface modification for the two roll materials is to improve their rolling capacity (Ton/mm) and surface quality of the rolled coil, and reduce their rolling cost, through enhancing hardness and wearresistance of roll surface. From the analysis above, we can bring about the following conclusions:
(1) Both samples consist of the melting zone, phase transformation zone and the non-transformed heat affected zone.
(2) The vickers hardnesses of the two samples are low at the melting zone and relatively high at the phase transformation zone after laser irradiation. After 540°C×1 hr tempering process, there are dramatical hardness changes, that is to say, the hardness at the melting zone sharply increases as the retained austenite was transformed to the high hardened martensite, contrary to this, the hardness at the phase transformation zone heavily decreases as martensite which was formed during laser modification was turned to the relatively soft tempered martensite.
(3) There are many finely dispersed granule FeS and MnS inclusions because the sulfur in the paste unwittingly infiltrated into the melting zone and reacted with the iron and manganese of the samples.
(4) There are several hot tears occurred in the laser treated zone of the indefinite chilled cast iron sample, but no in that of the adamite steel. 
